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Mineral fibres, fibrosis, and asbestos bodies in lung
tissue from deceased asbestos cement workers

M Albin, L Johansson, F D Pooley, K Jakobsson, R Attewell, R Mitha

Abstract
Lung tissue from 76 deceased asbestos cement
workers (seven with mesothelioma) exposed to
chrysotile asbestos and small amounts of
amphiboles, has been studied by transmission
electron microscopy, together with lung tissue
from 96 controls. The exposed workers with
mesothelioma had a significantly higher total
content ofasbestos fibre in the lungs than those
without mesothelioma, who in turn, had higher
concentrations than the controls (medians 189,
50, and 29 x 106 fibresig (f/g)). Chrysotile was
the major type of fibre. The differences were
most pronounced for the amphibole fibres (62,
4-7, and 0 15 f/g), especially crocidolite (54, 1-8
and < 0-001 f/g), but were evident also for
tremolite (2-9, <0-001, and <0-001 f/g) and
anthophyilite (1-7, <0-001, and <0-001 f/g). For
amosite, there was no statistically significant
difference between lungs from workers with
and without mesothelioma; the lungs of
workers had, however, higher concentrations
than the controls. Strong correlations were
found between duration of exposure and con-
tent of amphibole fibres in the lungs. Asbestos
bodies, counted by light microscopy, were
significantly correlated with the amphibole
but not with the chrysotile contents. Fibrosis
was correlated with the tremolite but not the
chrysotile content in lungs from both exposed
workers and controls. Overall, similar results
were obtained using fibre counts and estimates
of mass.

Exposure to asbestos can be verified and quantified
microscopically in lung tissue by counting ofasbestos
bodies' or by determination of actual content of
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fibre.2 A large proportion of asbestos workers are
exposed in the production of asbestos cement. This
industry is the world's major consumer of raw
asbestos; mainly chrysotile.3 The interpretation of
the findings on the lung burden of chrysotile in
exposed workers is, however, not clear. Thus
chrysotile seems not to accumulate in lung tissue to
the same extent as the other types of asbestos. The
reason for this is not known, but is assumed to be due
to a higher clearance rate rather than a difference in
deposition.4

It has been suggested5 that fibrosis might be
associated with fibre mass, rather than with fibre
counts, which would take into account the possible
splitting up of fibre bundles (mainly chrysotile) in
the filter preparation, as well as the finer and shorter
average fibre dimensions in chrysotile compared
with amphibole asbestos. To our knowledge, no such
study has been published. This aspect would be most
important in work where the average fibre length
tends to be shorter and fibre bundles tend to be
disintegrated. This applies to the asbestos cement
industry, which does not use the long fibres neces-
sary in textiles, and in which the asbestos is
sometimes milled before mixing.
Only one study6 has been published on the content

ofmineral fibre in lung tissue among asbestos cement
workers, showing high concentrations of
amphiboles. The eight cases analysed had, however,
suffered from mesothelioma or bronchogenic
carcinoma and may thus have been selected for
exposure or retention of amphiboles within the work
force.

In a cohort study of asbestos cement workers,7 we
found an increased risk of pleural mesothelioma,
lung cancer, colorectal cancer, and non-malignant
respiratory disease with surprisingly steep dose
response relations similar to the ones observed in the
asbestos textile industry,89 and in one of the asbestos
cement industries previously studied.'" These dose
response relations were, however, much steeper than
those found in other asbestos cement industries"-" as
well as in chrysotile mines.'4

It was thus of interest to scrutinise the lungs from
deceased workers in our cohort. A dose response
relation existed between estimated exposure to
asbestos (fibre-years/ml) on the one hand, and asbes-
tos bodies and lung fibrosis on the other.' Counts of
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asbestos bodies, however, represent only a rough
estimate of the fibre content in lung tissue, indicating
only a part of the fibres, as these bodies form mainly
on crocidolite and amosite, and only rarely on

chrysotile. Analyses by transmission electron
microscopy (TEM), which has high resolution, was

therefore of special interest in order to quantify the
total lung burden of asbestos as well as the particular
types of asbestos. Also, at low dose of exposure, non-
asbestos fibres might be of importance as possible
confounders for fibrosis. Such data are reported
here.

Material and methods
PLANT AND EXPOSURE
Asbestos cement products were made at the plant
during the period 1907-77. Chrysotile was the major
type of asbestos used (>95%). Until 1966, small
amounts of crocidolite were used in certain products
(often <1%, never exceeding 3-4%). Small amounts
of amosite were used until 1956 with a maximum
purchase of 17% of the total in 1948-9, and a stated
use of 1% in 1953-6. All asbestos was milled before
mixing.
The highest estimated time weighted average

value was 10 fibres/ml (f/ml) for millers until 1952.
During the 1970s the highest exposure concentration
was 4 f/ml. The only workers continuously exposed
to average concentrations above 2 f/ml were millers,
mixers, and workers engaged in polishing and sawing
operations. Occasional exposure to very high dust
concentrations occurred during unloading and stor-
ing of asbestos bags.

LUNG SPECIMENS
Pulmonary fibrosis and counts of asbestos bodies
determined by light microscopy for 89 asbestos
cement workers and controls, individually matched
for sex, age (± 5 years), and year and place of death,
have been reported previously.' Lung tissue for
further analysis was available for 69 of the exposed
workers, and for all ofthe 89 controls, which together
comprise the material for this study (table 1). In three
cases, asbestosis was given as the cause of death on

the death certificate. The tissue was fixed in formalin
and embedded in paraffin.
Lung tissue from another seven asbestos cement

workers with pleural mesothelioma was also
examined for mineral fibres together with seven
individually matched controls. These pairs were not
included in the histological study. The histopatho-
logical and immunohistochemical characteristics of
the cases of mesothelioma have been described
elsewhere.7

ANALYSIS
The tissue specimens (average dry weight 25 mg)
were digested chemically. The number of fibres per
gram dry weight, fibre length, and fibre diameter
were determined using TEM. Type offibre (asbestos
or other fibres), as well as type of asbestos, was

determined by energy dispersive x ray spectrometry.
The analysis was performed "blindly", analysing
tissue from exposed workers and controls in random
order. For all specimens, at least two separate sets of
measurements were made and for six specimens three
separate ones. The average of the results from each
subject was used as the basic unit in the statistical
analysis. The estimates of mass for the different
components were calculated from fibre length,
diameter, shape, and specific gravity.'5

Asbestos bodies were examined in unstained sec-

tions of 25 , thickness and interstitial fibrosis was

scored 0-4 according to the classification proposed
by Hinson et al."6

STATISTICS
The original pairs were dissolved, as paired and
unpaired analysis gave similar results. Because the
distribution of the fibre contents was generally skew,
non-parametric methods were used for analysis when
possible. The median and range are quoted as

descriptive statistics. The Mann-Whitney U test was
used to compare concentrations of fibre or mass

estimates between the groups and Kendall's test was
used to evaluate rank correlates between fibre con-

centration or mass estimate and several variables
(employment time, fibrosis grade, amount of smok-

Table 1 Mean age, year offirst employment, duration of employment, and time between end of exposure and death for
asbestos cement workers and controls (range in parentheses)

Asbestos cement workers Controls

Parameter Without mesothelioma With mesothelioma Total With histology

No 69 7 96 89
Age (y) 69 (38-91) 68 (42-85) 67 (37-93) 67 (37-93)
Year of first employment 1944(1911-1969) 1931(1919-1946) - -
Duration of employment (y) 15 (0-25-47) 31(23-38) - -

Cumulated asbestos exposure
(fibre-years/ml) mean 26 (0-230) 49 (14-162) - -

median 13 (0-230) 28 (14-162) - -

Time since end of exposure (y) 12 (0-36) 6 (0-18) - -
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Figure 1 Mean fibre counts in lung tissue among asbestos cement workers with (----; n = 7) and without ( ; n = 69)
mesothelioma, and among controls (-; n = 96).

ing, and counts of asbestos bodies). The Wilcoxon
matched pairs ranked sign test was used to test the
differences in concentrations of amphiboles in asbes-
tos cement workers with, and a matched subset of
those without, mesothelioma.

Logistic regression and multiple linear regression
were used in the multivariate modelling of degree of
fibrosis, and specific mineral content with adjust-
ment for age and smoking. Fibrosis and content of
mineral were generally dichotomised by presence or

absence. When there was a sufficient range of non-
zero values, the logarithm of the fibre concentrations
was used as the dependent variable in the multiple
linear regression.

Results
MINERAL FIBRE CONTENTS

The asbestos cement workers without mesothelioma
had significantly higher numbers of total fibres, total
asbestos fibres, chrysotile, and amphiboles
(crocidolite, amosite, tremolite, and anthophyllite)
compared with the controls (fig 1; all p values
.0 004, one-tailed tests). Among the exposed

subjects, chrysotile was the dominant type of asbes-
tos. The relative difference in amphibole, and
especially crocidolite, content relative to the controls

was much larger, although, out of all fibres, only a

minor proportion were amphiboles. The asbestos
cement workers also tended to have more non-asbes-
tos fibres (mullite, p = 0-07; iron, rutile, muscovite,
aluminium, and silicon, p = 0 05) in their lungs than
the controls.

Asbestos cement workers with mesothelioma had a

significantly higher number of total fibres, all asbes-
tos, crocidolite, tremolite, and anthophyllite concen-

trations compared with controls (fig 1; all p values
< 0 001). They also had higher amounts of chrysotile
(p = 0-01), mullite (p = 0-004), and other non-

asbestos fibres (p = 0-03).
Comparisons between exposed workers with and

without mesothelioma showed significant differ-
ences for numbers of total fibres, all asbestos, and
anthophyllite (p values < 0-02), and particularly for
crocidolite (p = 0-003) and tremolite (p = 0 005; fig
1). The cases of mesothelioma did not have sig-
nificantly higher concentrations of chrysotile
(p = 0 08) or amosite (p = 0 08). The mesothelioma
cases, however, had started employment earlier,
worked for a longer time, and also had a shorter time
between cessation ofexposure and death (table 1). To
separate such differences from a possible difference
in type of exposure, a rough matched analysis,
including only workers employed for more than 20
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Fibre type

O Amphiboles
* Chrysotile

0

0

0
Controls 0-14

Using the mass estimates of individual fibres and
the fibre counts, the comparisons between the groups
(asbestos cement workers with and without meso-

* thelioma and controls), were repeated for total fibre
and total amphiboles. Generally, the differences
reported above were confirmed and strengthened,

* except for the matched test between tissue from
workers with and without mesothelioma, which was

* not significant.
In the 76 asbestos cement workers, there was a

significant relation between duration of employment
and number of all asbestos fibres (z = 0-2,

o p = 0-001, one sided). The correlations were even
stronger for the sum of amphibole fibres (fig 2;
-r = 0-4, p < 0-001), as well as for all the components
tested separately. For the major fibre type,

O chrysotile, there was a non-significant tendency
o (r = 0-1, p = 0-06). For mass of fibres, the cor-

relations for total asbestos fibres ( = 0-4,
p < 0-001) and total amphiboles (T = 0-5,

15-24 25-34 >35 p < 0-001) were strengthened.
Duration of employment for AC workers (y)

Figure 2 Median chrysotile and total amphibole counts by
duration of employment for asbestos cement workers (AC
workers) with and without mesothelioma (n = 76) and
controls (n = 89).

years (calendar year of employment + 6, duration of
employment +11), was performed. In six out of
seven pairs, the worker without mesothelioma had
lower amphibole counts than the case (p = 0-04;
Wilcoxon, two tailed).
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CONTENT OF MINERAL FIBRE AND HISTOPATHOLOGY
Asbestos bodies
There was a relation between the concentration of
asbestos bodies and fibre counts and fibre mass
among the 69 exposed persons without mesothelioma
who were studied histologically. This was statis-
tically significant for total asbestos fibres, as well as
for the sum of amphibole fibres (fig 3; r = 0-5,
p < 0-001) and all the particular amphiboles includ-
ing tremolite (T = 0-3, p < 0-001). No correlation
was found for chrysotile or non-asbestos fibres. No
significant correlations were found among the con-
trols. The results were similar using mass estimates
and fibre counts.

Fibrosis
The correlations between the degree of fibrosis and
the fibre counts and mass were generally weak, both
among the asbestos cement workers and the controls
(table 2). Among the exposed persons no statistically
significant dose response relations were found. Only
tendencies were seen for the sum of amphiboles and
tremolite (table 2, fig 4). Surprisingly, the correla-
tions found for these groups of fibres among the
controls were statistically significant (fig 4). No
correlations were found between chrysotile (fig 4) or
non-asbestos fibres and fibrosis, either among the
exposed workers or among the controls.
Smoking habits were known for 66 (96%) of the

asbestos cement workers. In these, the relations
between chrysotile, commercial (crocidolite and
amosite) amphibole or tremolite contents, smoking
and age on the one hand, and fibrosis on the other,
were studied in detail by logistic regression. In this
analysis, the actual fibre counts were used, whereas
fibrosis was dichotomised. There was no significant
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Figure 3 Cumulative distribution of 69 asbestos cement
workers without mesothelioma according to amphibole content
and asbestos bodies in the lungs.
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Table 2 Association between degree offibrosis and
chrysotile, amphibole, and tremolite contents, smoking habits
and age among controls and asbestos cement workers without
mesothelioma (Kendalls rank correlation coefficients, one
tailed tests)

Asbestos cement
Controls (n = 89) workers (n = 69)

Parameter T Value p Value T Value p Value

All asbestos:
Count -0-04 0-3 0-05 0-3
Mass estimate 0-03 0 4 0 09 0-2

Chrysotile count -0-02 0-4 0 0 5
Amphiboles:

Total count 0-15 0-04 0-12 0 09
Mass estimate 0-18 0-02 0 11 0.1
Tremolite count 0-21 0-01 0-16 0-06
Anthophyllite count 0 04 0-3 0 09 0-2
Amosite count 0 13 0-09 0 08 0-2
Crocidolite count 0 07 0-3 0 09 0-2

Non-asbestos fibre count 0 05 0-3 009 0-2
Smoking (pack-years) 0-2* 0-04 0 07t 0-2
Age 0-08 0-2 0-06 0 3

*For the 66 workers with known smoking habits.
tFor the 64 controls with known smoking habits.
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association between concentrations of chrysotile
(p = 0 9, two-tailed) or the sum of concentrations of
crocidolite and amosite (p = 0 2) and increased
probability of fibrosis. When more pronounced
fibrosis (grades 2-4) was compared with none or
slight (grade 1), there was a statistically significant
association with crocidolite and amosite concentra-
tions (p = 0-02). Furthermore, content of tremolite
displayed a clear relation with presence of fibrosis
(X2 = 4-9, p = 0 003).
The analysis was repeated, using masses of total

asbestos fibres and all amphiboles. The only dif-
ference compared with the use of fibre counts was
that the significant association between concentra-
tion of amphiboles and pronounced fibrosis was not
reproduced.

Neither degrees of smoking nor age were
associated with fibrosis.
Among the controls, 64 (72%) had known smoking

habits. In this subgroup, fibrosis (grades 1-4 v
none), as well as the amphibole and tremolite con-

Fibres/g tissue x 10o6
Figure 4 Cumulative distribution of asbestos cement workers and controls according to chrysotile and tremolite content, by
grade offibrosis.
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tents (present or absent), were dichotomised because
of their low incidence in the control subjects.
The occurrence of amphiboles (all types) was

associated with a significantly increased probability
of presence of fibrosis (x2 = 5.0, p = 0-03). This
association was most pronounced among non-smok-
ers and subjects who smoked less than 20 pack-years
(X' = 7 9, p = 0 005). No corresponding significant
association for presence of tremolite (p = 0 1) or for
the concentration of chrysotile (p = 0 2) existed in
the total group. Among non-smokers and smokers
with a tobacco consumption of less than 20 pack-
years, however, there was an effect of tremolite
(x' = 5.3, p = 0 02). Further, there was a significant
association between amount of smoking and increas-
ing probability of fibrosis (x2 = 4-2, p = 0 04). This
was due mainly to an association in the subjects
without amphibole fibres (X2 = 6-7, p = 0 01).

Fibre counts and backgroundfactors
Nb group of fibre counts was significantly associated
with tobacco consumption among the asbestos
cement workers when age, intensity, and duration of
employment were adjusted for in a logistic regres-
sion. Age displayed a tendency towards a positive
association with concentrations of chrysotile
(p = 0 06), but not with other fibres.
Among the controls, tobacco consumption was

significantly related to the presence of tremolite
(X' = 7 7, p = 0 005), but not to the presence of
chrysotile (p = 0-4), or presence of amphiboles
(p = 0 08). Age had no significant effect.

Discussion
FIBRE COUNTS
The specimens were collected retrospectively from
routine necropsies, often without information about
from which part of lung the tissue had been taken. As
long as this is done randomly in relation to exposure
state, it will increase the variation and, therefore,
increase the difficulties in establishing correlations
with exposure. The possibility of a non-random
sampling must also be considered. Asbestotic lesions
are often located peripherally and in the lower lobes,
and these sites tend to have higher counts of fibres
(about 20% higher than the rest of the lung) and
asbestos bodies.'7 It is possible that, due to macro-
scopic changes, the tissue was sampled from these
parts among some of the exposed workers. This
would increase the differences between the exposed
persons and the controls. It is, however, highly
unlikely that this explains differences of the mag-
nitude we have found.
The filter preparation for TEM is complicated.

Loss ofmaterial can occur at several stages, and fibre
bundles can split up. The magnitude of this effect
might differ for the different types of fibre and cause

false fibre counts. The material from the exposed and
the control groups was handled and analysed in
parallel and in the same way, but our results cannot
be directly compared with materials from other
laboratories, because of considerable interlaboratory
variation."8

In the statistical analysis, fibre counts and mass
estimates for total fibres and all amphiboles were
used in parallel. The results using fibre counts and
mass estimates were similar, although the mass
estimates generally tended to strengthen the dif-
ferences between the groups.

Fibre counts among the asbestos cement workers
were, as expected, higher than among the controls.
The major fibre was chrysotile, which is in accor-
dance with the use of asbestos in the factory.
Chrysotile has a relatively short persistence in lung
tissue.4 It may, therefore, be assumed that a large part
ofthe chrysotile, primarily deposited in the lung, had
been cleared in the period from cessation ofexposure
to death. The chrysotile counts among the "un-
exposed" controls were surprisingly high compared
with other controls (from the United States) studied
by the same laboratory,'9 indicating that the average
Swede might have an exposure to chrysotile that is
not negligible.
A marked difference in amphibole content was

found between the exposed and the control groups.
The ratio between amphibole and chrysotile fibres in
lung tissue in the exposed group was higher than the
estimated proportion used in production, but
chrysotile was still the predominant fibre (in terms of
number of fibres) in the exposed group. Considering
that amphiboles accumulate in lung tissue to a much
larger extent than chrysotile,4 this indicates that
exposure to amphiboles constituted a very small part
of the total exposure to asbestos at the plant.

In the controls, there was a significant association
between smoking and content of tremolite. These
findings are difficult to interpret and do not give any
clear evidence for an increased deposition or
decreased clearance among the smokers, especially as
no such relation was found in the exposed group or
for any other type of fibre.

Strong dose response relations were found be-
tween duration of exposure and concentration of
commercial amphibole fibres in the lung, but not for
the less persistent chrysotile fibres. The non-com-
mercial amphiboles (tremolite and anthophyllite),
frequently present in chrysotile ore, did, however,
display a correlation with duration of exposure. This
association was independent ofage. It is thus possible
that these minerals, in a known industrial setting,
could be used as a rough indirect measurement of the
accumulated exposure to chrysotile, although some
data suggest that processing of chrysotile would
remove part of the tremolite contamination.20 This
issue does, however, need further investigation.
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ASBESTOS BODIES
A good correlation was also found between the
number of asbestos bodies detected with light
microscopy and fibre counts and mass (TEM) for
commercial, as well as non-commercial, amphiboles.
This is in accordance with the fact that asbestos
bodies form mainly around amphibole fibres,2 22 but
in these studies correlations were found only between
the commercial amphiboles and asbestos bodies. The
present study indicates that counting of asbestos
bodies by light microscopy with unstained sections
25 y thick, may be useful not only as a crude estimate
of exposure to amosite and crocidolite, but also to
chrysotile with tremolite contamination.

FIBROSIS
The relative fibrogenicity of the different types of
asbestos in humans is not fully known. In the textile
industry, using only chrysotile, an association was
found between fibrosis and the content of chrysotile
in lung tissue.'9 Among dockyard workers, probably
with a substantial exposure to amphiboles, no
association was found between the chrysotile count
in lung tissue and fibrosis, whereas such associations
were found for both amosite and crocidolite.2" In this
study, no correlations were found between the
chrysotile content and the degree of fibrosis among
the exposed workers. For crocidolite and amosite a
weak association was found only when more pro-
nounced fibrosis was compared with no or slight
fibrosis. Our assessment of the fibrogenic effect of
these fibres was, however, limited as few workers had
a high exposure to them.
A significant correlation was established with the

amount of tremolite. This association could arise
from the lower clearance rate, but the persistence of
these fibres may also make them particularly
fibrogenic. In Canadian chrysotile mines around
1 5% of the airborne fibres are tremolite and studies
oflung tissue from the miners actually showed higher
amounts of tremolite than chrysotile fibres,4 20 24
whereas workers exposed to chrysotile in other
industrial settings usually have more chrysotile than
tremolite fibres in their lungs.20 Associations between
the content of tremolite and fibrosis have been found
among chrysotile textile workers,'9 and the associa-
tion was stronger than with chrysotile. Tremolite
with a high aspect ratio, as the only known mineral
fibre to which workers were exposed, has also been
associated with fibrosis. Thus workers engaged in
mining of vermiculite contaminated with tremolite,
and populations in Greece with environmental
exposure to whitewash containing tremolite, had
parenchymal changes on x ray film suggesting fibro-
SiS.25 2 Together, these results confirm that tremolite
accumulates in lung tissue and indicate that
tremolite, as well as the commercial amphiboles
(amosite and crocidolite), may have a stronger

fibrogenic effect than chrysotile.
The association, found among the controls, be-

tween concentrations of all amphiboles and
tremolite, and fibrosis was not expected. Further-
more, a more thorough analysis showed that smoking
was correlated with fibrosis and the fibrogenic effect
of the commercial amphiboles and tremolite was
evident only among the non- and light smokers. This
finding is surprising in a group, which, to our
knowledge, had no extensive occupational exposure.
The amphibole (especially tremolite) concentrations,
were generally low, although the amount oftremolite
in one of the control subjects (a farmer) was so
outstanding, as to suggest a significant exposure
(powdered dolomite used in the fields?). It is note-
worthy that the association between tremolite and
fibrosis was even strdnger when he was excluded.
From the present data, it cannot be judged whether
the fibres accumulated first, causing fibrosis, or ifthe
fibrosis occurred first, causing a deterioration of the
alveolar clearance of fibre particles. Moreover,
analysis on total dust was not performed and
therefore the relation between the total material
retained in the lung and the content of tremolite
could not be assessed.

MESOTHELIOMA
There were interesting differences in the contents of
crocidolite and tremolite between asbestos cement
workers with and without mesothelioma. These
observations are in agreement with the findings
reported from Canada,27 and the United Kingdom,2
where the cases ofmesothelioma had higher concen-
trations of amphiboles in lung tissue than matched
controls, whereas no difference in the content of
chrysotile was established.
The differences in content of amphiboles between

mesothelioma cases and non-mesothelioma cases in
our study could only partly be explained by back-
ground factors (duration of exposure, calendar year
of onset of employment, time between cessation of
exposure and death). After accounting for these
factors in a roughly matched case-referent analysis,
the cases still had a higher amphibole count than the
non-cases in six out of seven pairs.

The work was supported by grants from the Swedish
Work Environment Fund.
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